Enrichment of the genomic library followed the method of Kijas et al. (1994) which involves PCR and the use of 
Introduction
Zostera marina L., i.e. eelgrass, is the most widely distributed seagrass species of the northern hemisphere, occurring in shallow coastal areas ranging from cold temperate to subtropical (Den Hartog 1970) . Eelgrass meadows provide many important ecological functions and are the foundation for a rich assemblage of invertebrate and vertebrate species (Orth 1992) . Previously reported studies of genetic differentiation in Z. marina using allozyme data (e.g. Gagnon et al. 1980; De Heij & Nienhuis 1992; Williams & Orth 1998 ) have suffered from low resolving power of these markers. Multilocus DNA-fingerprinting studies (Alberte et al. 1994) found high genetic diversity within and among populations of Z. marina off the California coast, USA but the nature of the data precluded detailed analysis of gene flow and other quantitative population genetic parameters. Consequently, in eelgrass and other aquatic angiosperms, little is known about genetic differentiation and its effects on population structure in relation to the reproductive system and spatial scale. High-resolution Mendelian markers such as microsatellite loci potentially offer sufficient power to address these questions. Here we describe the development of microsatellites in Z. marina and report the first results obtained in a comparisons among three populations.
Materials and methods

Plant material and DNA extraction
Fresh leaf material of Zostera marina L. was collected from Falkenstein, Baltic Sea (54Ð24'N 10Ð12'E). Genomic DNA was extracted from 20 g of blotted wet weight following the CTAB method of Doyle & Doyle (1987) . Crude DNA was extracted using phenol (1×) and chloroform:isoamylalcohol (24:1 v/v, 2×) and purified with CsCl, using standard protocols. For the polymorphism testing, we extracted the DNA from 0.02 g of dried leaf tissue of 15 plants from each of the following geographically separated populations: Falkenstein, Maasholm (54Ð41'N 10Ð00'E), both Baltic Sea, and Halifax, Canada (44Ð42'N 63Ð11'W). magnetic beads. Modifications were as follows. Genomic DNA was digested separately with three restriction enzymes AluI, RsaI and HaeIII (Boehringer-Mannheim). The 300Ð900 bp fraction for each digest was size selected from agarose gels, purified and then pooled. Ten ng of fragments was then blunt-end ligated into 60 ng of PBluescript SK + plasmid (Stratagene, CA, USA), which had been cut with EcoRV and dephosphorylated. The 10 µL ligation mix included 10% PEG and was incubated at 16 ¡C for 18 h. The insert-containing ligation products were directly amplifed in an asymmetric PCR using 10× more forward than reverse universal primer, resulting in predominantly single-stranded products in which the flanking cloning sites around the inserts were perserved. PCR reactions (100 µL) contained 10 mM Tris-HCl (pH 9), 50 mM KCl, 0.1% Triton X-100, 200 µM of each dNTP, 1.5 mM MgCl 2 , 0.5 µM universal forward primer and 0.05 µM of universal reverse primer, and 2.5 units of Taq polymerase (Promega). The thermocycling profile was: 4 min denaturation at 94 ¡C, followed by 31 cycles of 1 min at 94 ¡C, 1 min at 50 ¡C and 1 min at 72 ¡C. A 5'-biotinylated (GA) 12 -oligonucleotide (Eurogentec, B) probe (chosen because it was the most abundant motif in an earlier unenriched library), was bound to a 100 µL suspension containing 1 mg of Dynabead particles (Dynal) following the manufacturerÕs directions. Singlestranded inserts (30 ng of PCR product) were denatured for 4 min at 95 ¡C, cooled on ice for 5 min, and hybridized with the labelled beads at 40 ¡C in 100 µL of 3× SSC (pH 7.5) with 0.1% SDS under gentle agitation for 30 min. Only fragments containing microsatellites were expected to hybridize to the beads. We also ran a negative control in which no biotinylated (GA) 12 was attached to the beads. Elutions of nonenriched inserts were washed from the bead supension in a series of 100 µL stringency washes with SSC buffer containing 0.1% SDS and 800 nM each of forward and reverse universal primer (to prevent selfsticking). The strength of the SSC was as follows: four washes with 2× SSC at 40 ¡C, four washes with 1× SSC at 40 ¡C, and four washes with 0.5× SSC at 40 ¡C. A final fraction of enriched (microsatellite-containing) inserts was eluted from the beads through a combination of low salt (0.2× SSC) and high temperature (60 ¡C). All eluate fractions including the negative control were kept and desalted with QiaQuick PCR-purification kit (Qiagen). For restoration of the double-stranded condition necessary for subsequent cloning, the single-stranded, cleaned eluates were amplified using the same conditions (see above) but with equal concentrations (0.5 µM) of both universal primers.
In order to verify that the enrichment was successful as well as to determine the level of enrichment, we then performed a Southern blot with all amplified eluates. Five µL of all PCR products was separated on a 1.5% agarose gel, visualized with ethidium bromide (EtBr) and transferred to Hybond N+ membranes (Amersham). Membranes were hybridized with 5 pM biotinylated (GA) 12 for 4 h at 40 ¡C in 1 M NaCl, 20% PEG and 0.1% SDS. Visualization of the hybridized biotinylated probe was performed with the Luminescent Detection Kit (Boehringer-Mannheim). We then qualitatively compared the EtBrÐUV signal strength, indicative of the amount of DNA in the respective amplified eluate, with the luminescent signal on the hybridized Southern blot, indicative for the average (CT) n /(GA) n -repeat content between: (a) the presumably enriched final fraction; (b) presumably nonenriched stringency washes; and (c) the presumably nonenriched eluates of the negative control. Only eluate (a) but not the previous stringency washes (b) revealed a clear luminescent signal after (GA) 12 -probing, indicating that enrichment had occurred in the former fraction. In contrast, all washes from the negative control (c) showed up to 10-fold higher DNA concentration than eluate (a) under UV, but the luminescent signal was always absent. We thus conservatively estimated the enrichment factor to be approximately 30-fold.
Ligation and transformation of enrichment
The purified double-stranded PCR product of the final enriched insert fraction was double digested with EcoRI/HindIII and ligated into P-Bluescript (molar ratio insert:vector 2:1) with T4 ligase (at 4 ¡C for 16 h) according to the manufacturerÕs protocol (Boehringer-Mannheim). Transformation was performed using 1 µL of the ligation mix and a 70 µL suspension of Epicurian Ultracompetent Escherichia coli (Stratagene).
Screening, sequencing and primer design
After plating, 3800 of ≈ 200 000 successful transformant bacteria colonies were picked and transferred to microtitre plates, corresponding to a library size of 1.14 × 10 6 bp. Colonies were transferred to Hybond N+ membranes (Amersham) and Southern hybridization was performed using a [γ 32 P]-(GA) 12 end-labelled probe following the manufacturerÕs directions. Positive clones were sequenced on an ABI-310 automated sequencer using the dye-terminator cycle sequencing kit (PerkinElmer). Sequences were aligned and managed using GeneAnalyser and Navigator sofware (ABI PerkinElmer). Primers were designed using PRIMER 3.0 (Rozen & Skaletzky 1996 .
PCR optimzation of primers and polymorphism testing
DNA templates consisted of 1 ng of the clone DNA and 20 ng of Z. marina genomic DNA. A 10-µL reaction contained 10 mM Tris-HCl (pH 9), 50 mM KCl, 0.1% Triton X-100, 200 µM of each dNTP, 1.5 mM MgCl 2 , 0.5 µM of each primer, 0.1% (w/v) bovine serum albumin and 0.125 units of Taq polymerase (Promega). Amplification conditions were: 4 min denaturation at 94 ¡C, followed by 27Ð30 cycles of 1 min at 94 ¡C, 90 s annealing (at 50Ð60 ¡C) and 90 s at 72 ¡C (extension), followed by a terminal extension step of 10 min. Products were checked on 2% agarose gels. After successful optimization, loci were amplified as above substituting [γ 32 P]-dCTP in the PCR mix. Products were separated on denaturing polyacrylamide sequencing gels and visualized using autoradiography.
Results and Discussion
The importance of enrichment
For unknown reasons the abundance of microsatellites is low in angiosperms surveyed thus far (e.g. Wang et al. 1994; White & Powell 1997) . In an unenriched Zostera marina library of 1.6 × 10 6 bp we found only 12 (GA) n (CT) n and (CA) n motifs and all were ≤ 7 repeat units in length. No tri-or tetranucleotide motifs were found. Our results are in agreement with Procaccini & Waycott (1998) , who found only 16 microsatellite loci with an average repeat length of ≈ 5.5 in a larger unenriched library (≈ 8 × 10 6 bp) in another seagrass species, Posidonia oceanica. Although Kijas et al. (1994) reported enrichments of 20%, our experience with the Z. marina enrichment was 5% (i.e. 191/3800 positive clones). While this appears low, the average length of the motifs was more than double the length of those found in the unenriched library (Table 1) and longer repeats are probably more polymorphic. We estimate that in Z. marina (CT) n /(GA) n repeats ≥ 10 units are equal or less abundant than one locus per 1.6 × 10 6 bp, the size of our unenriched library. This is an order of magnitude lower than the mean abundance of (CT) n /(GA) n repeats in other plants (e.g. Wang et al. 1994) . In effect, the overall quality of the results obtained from the enriched library were clearly superior, thus justifying the effort.
Population differentiation in Z. marina Seven loci were found to be polymorphic with 5Ð11 alleles/locus (Table 1) . Alleles segregated clearly into homozygous and heterozygous genotypes with few or no stutter bands (Fig. 1) . Allele frequencies of the three most informative loci (Fig. 2 ) demonstrate marked differences in mean allele size among populations. Consequently, these loci are useful for the detection of population structure in eelgrass populations in particular, because previous allozyme studies in eelgrass (Gagnon et al. 1980; De Heij & Nienhuis 1992; Williams & Orth 1998) , other seagrass species (Capiomont et al. 1996) , and in submerged angiosperms more generally (Barrett et al. 1993; Laushman 1993 ) have shown little genetic variation.
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Because the expected frequency of the most common multilocus genotype within each population was always < 1% and the number of possible multilocus genotypes at each site exceeded 10 5 it will also be possible to describe the clonal structure in perennial eelgrass populations with these markers. Although we sampled only 15 individuals from each of three populations separated by from 40 km to > 5000 km, considerable within-population genetic diversity was detected. Observed within-population heterozygosities for single loci ranged from 0.16 to 0.81, whereas in many allozyme studies, heterozygosities were frequently ≤ 0.05 and many populations were fixed for several loci (e.g. De Heij & Nienhuis 1992; Laushman 1993; Williams & Orth 1998) . We found a mean number of alleles of 4.9 within populations which is also considerably higher than in allozyme studies. Hence, microsatellite-based analyses of population structure in seagrasses, a plant group which is thought to display comparatively low genetic variability due to extensive clonal spread and limited hydrophilous pollination (Les 1988) , is likely to reveal surprising insights into the evolutionary ecology of aquatic angiosperms. Fig. 1 Gel autoradiograph exemplifying the polymorphism at one microsatellite locus (ZosmarGA-2) in Zostera marina. Lane 8, clone from which microsatellite was isolated; lane 9, negative control; lanes 1Ð7, population Halifax; lanes 10Ð16, population Maasholm. Fig. 2 Allele frequencies of the three most informative microsatellite loci (columns) in three North Atlantic populations of eelgrass (Zostera marina). Stations were: HA = Halifax, Canada; MS = Maasholm, Baltic Sea; and FS = Falkenstein, Baltic Sea. All loci are perfect dinucleotide repeats with alleles varying by 2 bp, i.e. repeat units.
